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We employ a recently developed laser system, based on a low-noise telecom laser emitting around 1.56 μm, to 
evaluate its impact on the performance of an Rb vapor-cell clock in a continuous-wave double-resonance scheme. 
The achieved short-term clock instability below 2.5 · 10−13 · τ−1∕2 demonstrates, for the first time, the suitability of 
a frequency-doubled telecom laser for this specific application. We measure and study quantitatively the impact of 
laser amplitude and frequency noises and of the ac Stark shift, which limit the clock frequency stability on short 
timescales. We also report on the detailed noise budgets and demonstrate experimentally that, under certain 
conditions, the short-term stability of the clock operated with the low-noise telecom laser is improved by a factor 
of three compared to clock operation using the direct 780-nm laser. 
OCIS codes: (140.2020) Diode lasers; (140.3515) Lasers, frequency doubled; (300.6210) Spectroscopy, atomic; (300.6360)
Spectroscopy, laser; (300.6370) Spectroscopy, microwave; (120.3940) Metrology.
1. INTRODUCTION
Since the first demonstration in 1989 [1], frequency-doubled
laser diodes (LD) emitting in the telecom C-band at 1.56 μm
and stabilized on rubidium (Rb) transitions around 780 nm
have attracted a great interest for applications at both wave-
lengths, in the telecom C-band, and in applications requiring
optical fields resonant with Rb transitions at 780 nm [2–5].
The need for optical telecommunications stimulated the devel-
opment of reliable and reproducible optical sources with long
lifetime and high spectral purity (i.e., single-mode operation,
low noise, and narrow linewidth). Frequency doubling of these
telecom lasers offers an interesting alternative to LDs emitting
directly at the Rb wavelength (780 nm) for high-precision
applications [6–8]. Here, we demonstrate for the first time
the implementation of a similar laser system based on a
frequency-doubled telecom laser in high-performance Rb va-
por-cell atomic clocks [9,10] and present a quantitative analysis
of the obtained clock stabilities.
One of the main issues in the atomic clock industry is the
availability, reliability, reproducibility, and lifetime of LDs
emitting around the atomic transition wavelengths. Hence,
the well-established telecom lasers combined with the fre-
quency-doubling technology provide a convenient solution
in the development of reliable laser-pumped Rb vapor-cell
clocks with long lifetimes. Besides, in Rb vapor-cell clocks,
the laser is used for both optical pumping and optical detection
of the clock signal [9,10]. Since the laser spectral properties play
a crucial role in the clock performance, the requirements for the
laser source are stringent for such applications [11]. The laser
intensity and frequency fluctuations may impact the clock sta-
bility at all timescales, through different processes. In this study,
we focus on short-term averaging times lying between 0.1 and
10 s. In these short timescales, the achievable clock perfor-
mance is largely determined by the signal-to-noise ratio (S/N)
of the resonance detection. The detection noise mainly origi-
nates from the intrinsic laser amplitude (AM) and frequency
modulation (FM) noises. The laser FM noise contribution
to the clock instability results from the FM-to-AM noise con-
version [12,13] through the atomic absorption in the clock cell.
The FM-to-AM noise conversion phenomenon depends
strongly on the experimental conditions (laser frequency, cell
temperature, etc.) and is usually one of the dominant limiting
factors for short-term clock stability [14]. Thus, in order to re-
duce the optical detection noise contribution to short-term
clock instability, low FM-noise lasers available in the telecom
C-band become attractive candidates for their use in
high-performance Rb vapor-cell clocks.
Previously, our group has developed compact laser systems
based on LDs emitting directly at 780 nm and stabilized on Rb
transitions for high-performance Rb clocks [15]. Using these
in-house built laser systems based on 780-nm LDs, state-
of-the-art short-term clock stability was demonstrated in
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Ref. [14] for a clock operating in the continuous-wave double-
resonance (CW-DR) scheme [14,16]. More recently, we have
also developed a compact laser system based on a LD emitting
at the telecom C-band that is frequency-doubled and stabilized
on Rb transitions for CO2 detection as reported in Ref. [17].
Then, we have evaluated in Ref. [18] the spectral characteristics
of two frequency-doubled telecom lasers based on different
chip technologies in view of their exploitation in high-
performance Rb clocks. In particular, we have measured the
laser intensity and frequency fluctuations and estimated their
impacts on the clock performance compared to the laser sys-
tems based on 780-nm LDs [18]. In this present paper, we
measure and evaluate quantitatively the impact of the laser
spectral properties on the stability of a Rb vapor-cell clock.
In the following, we demonstrate a Rb vapor-cell clock op-
erated in the CW-DR scheme and making use of a low-noise
telecom laser that is frequency-doubled and stabilized on the
Rb D2 line. First, we report on the detailed analysis of the
short-term clock instability budgets, then we present the clock
instability measurements in comparison with those achieved
with a laser head based on a LD emitting directly at 780 nm.
2. EXPERIMENTAL SETUP
Our experimental setup includes two main parts; the first one
for laser frequency stabilization and the second one for Rb
vapor-cell clock operation in a CW-DR scheme, as shown
in Fig. 1. The laser light is transferred to the clock setup
through a mechanically and thermally isolated 780-nm
polarization-maintaining (PM) optical patch cord. We use
two different laser systems. One of them is an in-house built
laser head (LH) based on a distributed-feedback (DFB) LD
emitting at 780 nm and comprising a dedicated frequency sta-
bilization module integrated in its 0.63-dm3 volume (more de-
tails on LH can be found in Ref. [15]). The other laser system is
based on a fiber-pigtailed 1.56-μm laser diode (1.56 μm-LD).
The output of the 1.56 μm-LD is frequency doubled through a
second harmonic generation (SHG) unit based on a commer-
cial 34-mm-long periodically poled lithium niobate waveguide
as in Ref. [18], then separated in two equal parts by a fused
coupler. One part is used to stabilize the laser frequency
through an evacuated Rb cell situated in a frequency reference
unit (FRU) [18] in the Doppler-free scheme. This FRU is very
similar to the one integrated in the LH, and the two evacuated
Rb cells are identical. The light from the second output of the
fused coupler is sent for the CW-DR experiments.
The CW-DR clock setup mainly consists of the physics
package (PP), the local oscillator (LO) used to generate the mi-
crowave radiation, and the lock-in amplifier for synchronous
detection. The PP is formed by a 25-mm glass cell filled with
Rb and buffer gases, which is held in a magnetron-type micro-
wave cavity [19] resonant with the Rb ground-state hyperfine
splitting frequency (νRb  6 0834 0682 0611 Hz). The cell-
cavity assembly is surrounded by a solenoid inducing a static
magnetic field (C-field) to lift the degeneracy of the hyperfine
energy levels, and the whole ensemble is enclosed in a mu-metal
shielding and thermal isolation layers. A beam expander in
front of the PP ensures the illumination of a large portion
of the cell volume, with the laser beam diameter approximately
equal to the cell diameter. After passing through the cell, the
laser beam is focused on a photodetector. In the CW-DR
scheme, the microwave radiation serving to interrogate the
Rb atoms is applied to the Rb cell in the cavity simultaneously
with the laser light. The double resonance (DR) signal is opti-
cally detected by the light transmitted through the cell as a
function of the microwave frequency. The central frequency
of the DR signal, the so-called clock frequency, corresponding
to the Rb ground-state hyperfine splitting frequency for the
given cell, is mainly shifted from the unperturbed Rb frequency
due to the buffer gas pressure. The frequency of the microwave
radiation injected in the cavity is frequency-modulated, and the
optically detected signal is then demodulated using the lock-in
amplifier to generate an error signal. The correction signal is
subsequently fed back to the microwave synthesizer to stabilize
the LO frequency to the atomic reference transition at the clock
frequency.
To analyze the impact of the laser FM noise on the short-
term clock instability, we studied clock operation using the
optical pumping laser frequency stabilized to two different
reference transitions, labeled L1 and L2, obtained from the
FRU or the reference module integrated in the LH. These refer-
ence transitions show a substantial difference in the FM-to-AM
conversion factors through the local slope of absorption spec-
trum of the clock PP cell. As shown in Fig. 2, L1 corresponds to
the crossover transition j5S1∕2, F  1i↔j5P3∕2, F  0, 1i with
an FM-to-AM conversion factor expressed in terms of photo-
detector current of 0.38 0.03 nA∕MHz, and L2 to the direct
transition j5S1∕2, F  1i↔j5P3∕2, F  2i with a nearly eight
times higher conversion factor of 2.99 0.06 nA∕MHz.
For the same experimental conditions (cell temperature,
C-field, optical power, and microwave power), the change of
the optical pump frequency is expected to have a direct impact
on the short-term clock instability due to the laser FM noise via
the FM-to-AM conversion phenomenon in the PP cell.
3. LASER NOISE CONTRIBUTION TO THE
SHORT-TERM CLOCK INSTABILITY
In passive Rb atomic clocks, the main instability contributions
in short timescales generally arise from the laser noises and the
LO phase noise. The laser AM and FM noises affect the clock
stability through two independent and distinct processes: the
Fig. 1. Schematics of the experimental setup. The LH includes its
own dedicated frequency stabilization module, while the 1.5 μm-LD is
frequency stabilized using the separate FRU. Blue dashed line: free-
space optical path. Blue full line: 780-nm PM optical patch cord.
Red full line: 1.56-μm PM optical patch cord. Black dotted line:
electrical signal.
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detection signal-to-noise ratio and the light-shift (LS) effects. In
this section, we first discuss the clock’s stability limit arising
from the signal-to-noise ratio of the clock signal (S/N limit,
see Section 3.A.3) as determined from the clock DR signal
and noise both detected in the clock setup (cf. Fig. 1).
Second, we evaluate the instability contributions of the laser
intrinsic AM and FM noises, both measured at the output
of the laser stabilization setup in Fig. 1, via the intensity
and frequency LS effects, respectively. Finally, we present the
total short-term clock instability estimations including all
the different contributions.
A. Signal-to-Noise Limit
The S/N limited clock instability at 1 s can be estimated by [12]
σS∕Nτ 
N PSDﬃﬃﬃ
2
p
· De · υRb
· τ−1∕2, (1)
where N PSD is the detection noise power spectral density
(PSD), and De is the discriminator slope estimated using
the DR signal parameters [≈2 · Amplitude∕full width at half
maximum (FWHM)]. The detection noise depends signifi-
cantly on the intrinsic characteristics of the optical source
and on its stabilization scheme. Therefore, it depends on
the employed laser source. In contrast, the choice of the laser
system has no significant impact on the other relevant DR sig-
nal parameters (amplitude, FWHM, and background signal)
for identical experimental conditions (cell temperature, C-field,
microwave power, and optical power).
We optimized the DR signal as a function of the optical
power, the microwave power, and the microwave lock-in
settings to reach the best clock S/N stability. For all the experi-
ments presented in the following sections, the optical power at
the PP input was 68.5 1.5 μW. It was approximately 1 μW
higher when using the LH instead of the frequency-doubled
1.56-μm source due to the discrete neutral-density filters
employed. The microwave power was set to −36.4 dBm with
a frequency-modulation frequency of 70 Hz and excursion
of 70 Hz.
1. DR Signals
The optimized DR signal parameters are gathered in Table 1.
The amplitude, FWHM, discriminator, and contrast (ratio
of the signal amplitude to the background dc level) are deduced
from Lorentzian fits of the DR signal, and the frequency shift of
the resonance center from the unperturbed Rb hyperfine split-
ting frequency is derived from the zero crossing of the demodu-
lated error signal. The DR and the corresponding error signals
are shown in Figs. 3(a) and 3(c), respectively, for optical pump
frequency L1 and in Figs. 3(b) and 3(d) for L2. As it can be
seen, the DR signal parameters do not depend on the employed
laser. The amplitudes of the signal are the same, within error
bars, in the four configurations studied. The difference in the
optical power with individual lasers leads to slightly different
DR signal line broadenings. For the optical pump frequency
L1, higher contrasts are reached thanks to higher optical ab-
sorption in the PP cell compared to the absorption at L2.
The central frequencies (νcen) of the DR signals are slightly
shifted between the two optical pump frequencies due to
the frequency light-shift effect with the coefficient of 7.2 ·
10−12∕MHz (cf. Section 3.B).
2. Optical Detection Noise
The optical detection noise PSD on the atomic clock’s photo-
detector at the microwave frequency-modulation frequency of
70 Hz is measured using a fast Fourier transform (FFT) spec-
trum analyzer. In Fig. 4(a) the typical N PSD in the spectral re-
gion around the microwave modulation frequency are shown
for the optical pump frequency L1 and in Fig. 4(b) for L2.
The separate noise contributions of the lasers’ AM and FM
noises are estimated from these total optical detection noise
measurements, taking into account the FM-to-AM conversion
factors for L1 and L2. The AM noise of the laser sources is the
dominant contribution to the clock’s detection noise for laser
frequencies near L1, for which the FM-to-AM noise conversion
Fig. 2. Doppler-free absorption spectrum of the reference cell (left
axis) and the linear transmission spectrum of the PP cell (right axis)
measured using the LH. The two optical pump frequencies, L1 and
L2, on the reference cell signal as well as the corresponding FM-to-AM
conversion factors through the PP cell are indicated.
Fig. 3. DR signals measured for the optical pump frequency L1 in
(a) using LH in green squares, using 1.56 μm-LD in red circles, and
for L2 in (b) using LH in blue diamonds, using 1.56 μm-LD in orange
triangles. The demodulated error signals in (c) for the optical pump fre-
quency L1 and in (d) for L2 using the same color code as in (a) and (b).
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factor of the clock PP cell is lower. The noise contribution due
to the FM-to-AM conversion through the clock PP cell be-
comes dominant for laser frequencies near L2. Nevertheless,
for the 1.56 μm-LD compared to the LH, the contribution
of this noise conversion phenomenon is reduced by more than
a factor of two. In fact, thanks to the lower FM noise of the
frequency-doubled telecom laser, the choice of the optical
pump frequency has only a weak impact on the optical detec-
tion noise level of the clock operated with this laser rather than
with the 780-nm LH.
3. Clock Instability Budget
The noise budgets of the S/N limited clock instability are given
in Table 2 for the two optical pump frequencies using the two
laser systems. The shot-noise limit is calculated for the photo-
current, I dc , at the FWHM of the DR signal with the shot-
noise N shot-noise 
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2 · e · I dc
p
, where e is the electron charge.
The laser AM noise is the dominant S/N limiting factor for the
optical pump frequency L1 using both lasers, due to the small
FM-to-AM conversion factor found here. Thus, the estimated
S/N limits for both lasers are similar and close to 1 · 10−13. On
the contrary, for L2, the detection noise contribution of the
FM-to-AM noise conversion is the main limiting factor for
both lasers. However, in the case of the 1.56 μm-LD, the
FM noise contribution is two times lower than with the LH,
leading to a better S/N limit for short-term clock instability.
B. Light-Shift Effects
In the CW-DR scheme, the laser light interaction with the
atoms induces a shift of the atomic energy levels called the
ac Stark effect [20], which directly results in a change of
the clock frequency. The ac Stark shift, also known as the light
shift (LS), depends on the optical spectrum of the light source,
which means, in the case of a monochromatic laser source, on
its intensity and wavelength. The clock frequency (νclock) shift
caused by laser intensity fluctuations may be referred to as “in-
tensity LS,” and the shift caused by laser frequency fluctuations
as “frequency LS.” The clock frequency sensitivity to the
laser light intensity (I laser) fluctuations for a fixed laser fre-
quency (νlaser) is defined as the intensity LS coefficient:
α  dυclock∕dI laser. The frequency LS coefficient β is defined
as the clock frequency sensitivity to the laser frequency fluctu-
ations for a fixed laser intensity: β  dυclock∕dυlaser. For the
two optical pump frequencies L1 and L2 studied here, the β
coefficient does not vary.
Table 1. DR Signal Parameters for the Two Optical Pump Frequencies (L1 and L2) and the Two Lasers (LH and 1.56 μm-
LD)
Optical Pump Frequency L1 Optical Pump Frequency L2
Signal Parameter LH 1.56 μm-LD LH 1.56 μm-LD
Amplitude [μA] 0.20 0.01 0.21 0.01 0.19 0.01 0.21 0.01
FWHM [Hz] 210.2 0.8 212.2 0.7 199.0 1.9 203.6 0.8
De [nA/Hz] 2.22 0.01 2.42 0.01 2.33 0.03 2.43 0.01
Contrast [%] 15.1 0.1 15.7 0.1 11.8 0.1 12.1 0.1
(νcen − νRb) [Hz] 4233.3 0.1 4233.5 0.1 4224.4 0.1 4223.6 0.1
Fig. 4. Detection noise PSDs measured on the atomic clock setup’s
photodetector around the microwave modulation frequency of 70 Hz
for the optical pump frequency L1 in (a) using LH in green, using
1.56 μm-LD in red, and for L2 in (b) using LH in blue, using
1.56 μm-LD in orange.
Table 2. Budget for the Clock’s Signal-to-Noise Limit for the Two Optical Pump Frequencies (L1 and L2) and the Two
Lasers (LH and 1.56 μm-LD)
Optical Pump Frequency L1 Optical Pump Frequency L2
LH 1.56 μm-LD LH 1.56 μm-LD
Instability Source
N PSD
pA ·Hz−1∕2
Predicted
στ · τ−1∕2
N PSD
pA ·Hz−1∕2
Predicted
στ · τ−1∕2
N PSD
pA ·Hz−1∕2
Predicted
στ · τ−1∕2
N PSD
pA ·Hz−1∕2
Predicted
στ · τ−1∕2
Detector in the dark 0.2 0.2 0.2 0.2
Shot-noise 0.6 2.9 · 10−14 0.6 2.7 · 10−14 0.7 3.1 · 10−14 0.7 3.1 · 10−14
Laser AM noise 2.1 9.6 · 10−14 2.9 1.2 · 10−13 2.1 9.2 · 10−14 2.9 1.2 · 10−13
Laser FM-to-AM noise
conversion
1.3 5.8 · 10−14 0.6 2.5 · 10−14 9.8 4.3 · 10−13 4.6 2.0 · 10−13
Total S/N limit σS∕Nτ 2.5 1.2 · 10−13 3.0 1.3 · 10−13 10.0 4.4 · 10−13 5.5 2.3 · 10−13
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In Fig. 5, the clock frequency detuning from the unper-
turbed Rb hyperfine splitting frequency is plotted as a function
of the optical power for the two laser frequencies L1 and L2
measured using both laser systems. Under same experimental
conditions, the type of laser source has no significant impact on
both LS coefficients. The α coefficients for each laser frequency,
determined with a linear fit to the measured clock frequencies,
are given in the inset. For the optical pump frequency L2, the
intensity LS effect is larger than for L1 by more than a factor of
four. Considering the detuning between the two optical pump
frequencies L1 and L2 (193 0053 0600 Hz), the frequency LS
coefficient β is determined as the measured clock frequency
detuning for the known laser frequency detuning between
L1 and L2. The β coefficient increases linearly for higher op-
tical pump power. In our case, for an optical power of 70 μW,
the frequency LS coefficient β is measured as 7.2 · 10−12∕MHz.
The intensity and frequency LS effects impact the clock in-
stability at all timescales. In the short timescales, the relative
intensity noise (RIN) and the FM noise of the laser are con-
verted to clock frequency fluctuations through the LS effects
with the corresponding coefficients α and β [21]. The RIN
and FM noise, which are intrinsic to the laser [18] and depend
largely on the laser operating conditions, are in the present
case measured for LH at the level of 10−11 Hz−1 and
108 Hz2∕Hz, respectively, and for 1.56 μm-LD, 10−10 Hz−1
and 107 Hz2∕Hz. Note that in contrast to the DR signal noise
(cf. Section 3.A.2) these laser noises are measured at the output
of the laser stabilization setup (cf. Fig. 1). As it can be seen in
Table 3, the clock instability contributions of the laser RIN and
FM noise through the LS effects (σα_LS and σβ_LS) are well be-
low 1 · 10−13 for 1 s of averaging time, which is lower than the
limit due to the detection S/N discussed in the previous section.
On the longer timescales, the laser frequency and intensity
fluctuations are also directly translated into clock frequency
fluctuations through the LS effects. The impact of LS on
the clock performance in the long term is not addressed in this
paper; preliminary predictions concerning the two lasers evalu-
ated here are given in Ref. [18] for the case of our Rb clock
operated in the pulsed optically pumped (POP) scheme [22].
C. Total Short-Term Clock Instability Estimations
In addition to the clock frequency instability contributions
from the laser noises, the LO phase noise, through the inter-
modulation effects [23], can also be an important instability
source in the short timescales. In our case, for a modulation
frequency of 70 Hz, the calculated contribution of the LO
phase noise is σLO  1.6 · 10−13 · τ−1∕2, taking into account
the even harmonics of 70 Hz up to 10 kHz. Compared to
the impact of the laser noise, this contribution is slightly higher
than the short-term clock instability for the laser frequency L1
and thus one of the two dominant limiting factors in these
cases. As for L2, while the LO phase noise contribution remains
important, the short-term clock instability is limited by the
S/N, mostly due to the FM-to-AM noise conversion phenome-
non. The LO phase noise contribution can be reduced for
lower microwave modulation frequencies, though at the
expense of higher optical detection noise at lower frequencies.
In our case, the modulation frequency is chosen with the trade-
off between the LO phase noise and the optical detection noise.
Individual instability contributions of the laser and LO
noises are gathered in Table 3. The total short-term clock in-
stability squared, σy2, is estimated by summing the squares of
each contribution as in the following expression [14]:
σy 
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
σ2S∕N  σ2α_LS  σ2β_LS  σ2LO
q
: (2)
4. CLOCK INSTABILITY MEASUREMENTS
The clock frequency instabilities measured with the two
lasers are shown in Figs. 6(a) and 6(b) for optical pump
frequencies L1 and L2, respectively. In good agreement with
Fig. 5. Clock frequency shifts with respect to the unperturbed Rb
ground-state hyperfine splitting energy as a function of the incident
optical power. For the optical pump frequency L1, green squares: using
LH, red circles: using 1.56 μm-LD. For the optical pump frequency
L2, blue diamonds: using LH, orange triangles: using 1.56 μm-LD.
Table 3. Estimated Total Short-Term Clock Instabilities for the Two Optical Pump Frequencies (L1 and L2) and the Two
Lasers (LH and 1.56 μm-LD)
Optical Pump Frequency L1 Optical Pump Frequency L2
(τ  1s) LH 1.56 μm-LD LH 1.56 μm-LD
σS∕Nτ 1.2 · 10−13 1.3 · 10−13 4.4 · 10−13 2.3 · 10−13
σα_LSτ 1.2 · 10−15 3.6 · 10−15 5.5 · 10−15 1.7 · 10−14
σβ_LSτ 7.2 · 10−14 2.3 · 10−14 7.2 · 10−14 2.3 · 10−14
σLOτ 1.6 · 10−13 1.6 · 10−13 1.6 · 10−13 1.6 · 10−13
Estimated σyτ 2.1 · 10−13 2.1 · 10−13 4.8 · 10−13 2.9 · 10−13
Measured σyτ 2.3 · 10−13 2.4 · 10−13 8.8 · 10−13 3.1 · 10−13
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the predictions, the short-term clock instabilities using both
lasers for the optical pumping at L1 are at a similar level below
2.5 · 10−13 · τ−1∕2. As for the optical pump frequency L2, the
instability contribution of the FM noise conversion is one order
of magnitude higher for both lasers and becomes the dominant
limiting factor in the short-term clock instability. For the
1.56 μm-LD, the choice of the optical pump frequency has
little impact on the clock performance thanks to its low FM
noise. In our case, the measured short-term clock instability
is improved by a factor of three for the low-noise 1.56 μm-
LD as compared to the LH. The measured clock instability
is slightly higher than our estimations for the LH used for
optical pumping at L2.
At averaging time of 10 s, the clock instabilities are degraded
due to the optical power fluctuations at the PP input via the
intensity LS effect. The PM fiber connection between the two
parts of the setup does not introduce significant additional
power fluctuations at longer timescales up to 100 s due to
the thermal and mechanical isolation employed. The optical
power fluctuations are mainly due to the etalon effects in
the fibered paths, and the impact via the intensity LS depends
on the α coefficient for the given experimental conditions (laser
frequency, cell temperature, etc.). Thus, the impact of the in-
tensity LS may be reduced not only by decreasing the optical
power fluctuations but also with a rigorous choice of the exper-
imental conditions minimizing the α coefficient. Also, the
alternative clock operation schemes, such as POP [22], for
which the light and microwave interactions are separated in
time, may significantly reduce the LS effects as the light and
microwave interactions are separated in time.
For timescales around 10 s, the relative optical power fluc-
tuations are larger by one order of magnitude for the fibered
1.56 μm-LD as compared to the free-space LH [18]. The mea-
sured power fluctuations at 10 s create clock frequency fluctu-
ations on the level of ≈7.5 · 10−14 for the optical pump
frequency L1 using the 1.56 μm-LD and ≈3.5 · 10−13 for
L2. This latter limit is more pronounced than for L1 owing
to the higher α coefficient measured for the optical pump fre-
quency L2 (cf. Fig. 5) and in good agreement with the mea-
sured clock instability for this laser shown in Fig. 6(b). For the
free-space LH, the clock instability contribution due to the op-
tical power fluctuations at 10 s is negligible at both optical
pump frequencies studied (<3 · 10−14 for the optical pump
frequency L2, <7 · 10−15 for L1).
5. CONCLUSION
We have evaluated the application of a frequency-doubled
1.56-μm telecom laser as the pump light source in a high-
performance Rb vapor-cell atomic clock. A short-term fre-
quency instability better than 2.5 · 10−13 · τ−1∕2 has been
demonstrated, which is comparable to other state-of-the-art
clock schemes based on laser diodes emitting at the Rb or
Cs optical pump wavelength [14,24]. Hence, the frequency-
doubled telecom laser allows at least as good clock frequency sta-
bility as the 780-nm laser, while being based on high-reliability
telecom components, which is of high relevance for real-world
applications of Rb atomic clocks.
We analyzed in detail the impact of the laser AM and FM
noises on the clock performance. We showed that, thanks to
the low FM noise level of the telecom laser, the short-term sta-
bility of the clock using this laser is only weakly impacted by the
choice of the optical pump frequency and thus by the FM-
to-AM noise conversion occurring in the Rb vapor cell of
the clock PP. For laser frequencies inducing a non-optimal high
FM-to-AM noise conversion factor through the PP cell, the
short-term clock stability is improved by nearly a factor of three
using a low-noise telecom laser, whereas for laser frequencies
corresponding to a low FM-to-AM conversion factor, besides
the technical limitation due to the employed LO, the dominant
contributions in the short timescales are the lasers’ AM noise.
For longer timescales, the slower optical intensity fluctuations
arising from the etalon effects in the fiber-pigtailed laser system
[18] grow in importance and can impact the clock performance
through the intensity light-shift effect.
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